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Abstract: We discuss information theory as a tool to investigate constrained minimal
supersymmetric Standard Model (CMSSM) in the light of observation of Higgs boson at
the Large Hadron Collider. The entropy of the Higgs boson using its various detection modes
has been constructed as a measure of the information and has been utilized to explore a
wide range of CMSSM parameter space after including various experimental constraints
from the LEP data, B-physics, electroweak precision observables and relic density of dark
matter. According to our study while the lightest neutralino is preferred to have a mass
around 1.92 TeV, the gluino mass is estimated to be around 7.44 TeV. The values of CMSSM
parameters m0, m1/2, A0 and tanβ correspond to the most preferred scenario are found to
be about 6 TeV, 3.6 TeV, −6.9 TeV and 36.8 respectively.
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1 Introduction
The recent discovery of Higgs boson and the subsequent measurement of its mass through
various detection modes at the Large Hadron Collider (LHC) [1] have been found to be con-
sistent with the Standard Model (SM) predictions. However the SM [2], due to lack of pro-
viding a satisfactory stability mechanism which could prevent its mass to grow quadratically
up the Planck scale, ambitions to realize the existence of dark matter, grand unification,
finite values of masses of neutrinos, and lack of gravitational interactions, itself provides
room to investigate theories beyond the SM. Among several interesting candidate theories,
supersymmetry (SUSY) [3–10] is still sought to be one of the most preferred choices as it
is capable of solving most of the aforementioned problems. It also opens up the scope of
looking for counterparts of the SM particles known as the superparticles which are differ-
ing by spin-1/2 in the minimal extension of SM, known as the minimal supersymmetric
Standard Model (MSSM) [9–14]. Besides it, the Higgs sector in MSSM is enhanced by one
CP-even heavier neutral Higgs boson (H), a CP-odd neutral Higgs boson (A0) and charged
Higgs boson (H±). The lack of any experimental evidence in support of SUSY hint that if
it exists, it must have been broken at a scale much higher than the electroweak symmetry
breaking (EWSB) scale which is of about 100 GeV or so. The aim of this study is therefore
to understand the SUSY breaking scale which is preferred by the Higgs mass observation
together with the data from other experiments. Although there have been a lot of efforts
in this direction which is either driven by the frequentist [15–17] or by the Bayesian [18–20]
framework. In our article we employ a completely new approach to the SUSY searches
which relies upon the information theory. Information theory which is primarily based
upon Shannon’s entropy has already been applied successfully into several areas of physics
including cosmology to yield remarkable results [21–24].
The organization of the article is as follows: In Section 2 we discuss information theory
in the context of LHC Higgs observations. The investigation on Higgs boson in the CMSSM
and other sparticle masses using information theory as a tool is discussed in Section 3.
Finally we discuss our findings in Section 4.
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2 Information Theory and Higgs Observation
The information theory provides a quantitative measure of uncertainty in finding the state
of a system using an analog of Boltzmann entropy which is known as the Gibbs-Shannon
entropy or information entropy, i.e. the lack of information, randomness or a disorder
translate into the rising size of the entropy. The Boltzmann entropy S of a thermodynamic
system is defined for all possible microstates of the system under consideration via S =
kB ln Ω, with kB being the Boltzmann’s constant and Ω represents the number of microstates
associated with the macrostate of the system. For the system having all the microstates
with universal probability p = 1/Ω, the above equation would translate into the following
form
S = −kB ln p. (2.1)
The aforementioned equation indicates that smaller the probability of microstates in the
same macroscopic system, the larger would be the entropy of the system.
As the entropy is an additive measure, in case the microstates differ in their probabilities,
the above equation could be modified by extending entropy to its expectation value, i.e. for
the ith microstate having probability pi, the entropy of the system would then be
S = −kB 〈ln p〉 = −kB
∑
i∈{micro}
pi ln pi. (2.2)
Shannon [25–27] considered entropy to be a measure of uncertainty of the information
content and defined the information entropy (or Shannon’s entropy) like Eq. (2.2) with
kB = 1. Thus the information theory is basically the probability theory where probabilities
represent our ignorance of an event and the probability distribution contains information of
every event then the amount of information or entropy is associated with the expectation
value of the random variable of the event. The negative of the logarithm of the probability
distribution is considered to be information. The probabilities of the probability distri-
bution lie from zero to one, the total of all is unity as the events of this distribution are
mutually independent and exhaustive. These probabilities are required only when none of
the probabilities is equal to one i.e. there is uncertainty in the state of the system.
To make it more clear consider the example of a coin toss with two possible outcomes
head and tail have an equal probability. This yields the information entropy, S = −(1/2)
ln(1/2) −(1/2) ln(1/2) = ln 2 (or 0.693) nats of information, nat is a unit of entropy. If a
coin has two heads and no tail or two tails and no head then entropy would be zero (no
uncertainty). Here the outcome is previously known so this result gives no new informa-
tion. If the probability of one side of a coin is more than the other side, the outcome gives
reduced uncertainty. This implies lower entropy which comes out to be less than ln 2 nats
of information. Rarer events give more information than the probable events. Or in other
words, maximum entropy means a stable configuration as well as maximum ignorance of
the system. This is known as the principle of maximum entropy and is quite essential to de-
termine the probability distribution corresponds to the maximum value for the uncertainty,
without having any previous information. Thus using the principle of maximum entropy,
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Figure 1: Entropy for a coin toss vs the success probability of obtaining head or tail x.
a value corresponding to the variable of the probability distribution can be determined
effectively.
Assuming x ∈ [0, 1] to be success probability of obtaining a head (h) in coin toss, i.e.
p1 ≡ p(h) = x and p2 ≡ p(t) = 1− x, the entropy S(x) could be written as
S(x) = −p1 ln p1 − p2 ln p2 = −(x) ln(x)− (1− x) ln (1− x), (2.3)
with the condition that the entropy maximizes at x = xmax, i.e.
dS(x)
dx
|xmax = 0. (2.4)
From the above expression it is straightforward to note that for xmax = 0.5, both h and t
are equally probable and entropy turns out to be maximum with a value equal to ln 2 or
0.693 nats of information. A distribution of S/Smax vs x is shown in Figure 1. As we move
away from the xmax the information content is reduced due to the rising imbalance between
the probabilities of h or t.
The above idea is directly applicable to study new physics models through the observed
Higgs boson at the LHC by assuming N -number of independent Higgs bosons forming
an ensemble wherein each of them is allowed to decay through its various decay modes
permissible by the underlying new physics theory with probabilities p
d
(mh) given by the
branching ratio Brd(mh) of the respective decay channel [28, 29], i.e.
p
d
(mh) ≡ Brd(mh) = Γd(mh)
Γh(mh)
, (2.5)
where Γd(mh) represents the partial decay width of Higgs boson in its dth decay mode
and Γh(mh) =
∑nd
d=1 Γd(mh) being the total decay width of the Higgs boson, nd to be the
number of allowed decay modes of the Higgs boson.
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The probability that this ensemble reaches to a final state through its various decay
modes is given by the following multinomial distribution [30]
P{md}(mh) =
N !
m1!...mnd !
nd∏
d=1
(p
d
(mh))
md , (2.6)
with
∑nd
d=1Brd = 1 and
∑nd
d=1md = N ; md represents the number of Higgs bosons decaying
through dth detection mode. The total information entropy associated with the N -Higgs
bosons in their final state could therefore be written as
S(mh) = −
N∑
{md}
P{md}(mh) lnP{md}(mh). (2.7)
An asymptotic expansion of the above expression would result in the following form of
entropy of the Higgs bosons [31],
S(mh) ' 1
2
ln
(
(2piN e)nd−1
nd∏
d=1
p
d
(mh)
)
+
1
12N
(
3nd − 2−
nd∑
d=1
(p
d
(mh))
−1
)
+O (N−2) .
(2.8)
The above equation suggests that in order to get a clear idea of which Higgs mass
maximizes the entropy, it is very important to have precise information about the branching
ratios of the Higgs as a function of mass. We therefore use the package HDECAY [32] to
estimate various branching ratios at the NNLO + NLL wherever possible. To demonstrate
that the method indeed yields a Higgs mass as observed at the LHC, we consider the
SM Higgs boson with a mass range mh ∈ [114.4, 150]. For this mass range the possible
kinematically accessible detection modes of the Higgs are as follows: h → γγ, h → γZ,
h → ZZ∗, h → WW ∗, h → gg, h → ff¯ with f ∈ {u, d, c, s, b, e±, µ±, τ±}. The leading
order Feynman diagrams representing each of these decay channels are displayed as Figure 2.
Notice that while the fermionic decays of the Higgs boson occur directly and are proportional
to the respective Yukawa coupling square, photonic and h→ γZ decays of the Higgs boson
take place via loops mediated by charged fermions and W± and thereby highly suppressed.
While the gluonic decay which takes place indirectly via the mediation of only quarks
loops is also quite suppressed [2]. As the S(mh) also depends on other SM parameters
such as the fermion and gauge boson masses, coupling strengths and other parameters,
values to each of which are already known through earlier experiments, we marginalized
S(mh) with respect to these SM parameters over their experimentally measured values as
listed in Table 1 for each value of mh. A distribution showing the marginalized entropy,
S, scaled by a normalization factor 1/Smax vs the Higgs boson mass, mh, is displayed in
Figure 3. According to this distribution the maximum value of entropy corresponds to
mh ' 125.2± 3.3 GeV.
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Figure 2: Representative Feynman diagrams for the SM Higgs decays, f ∈ [u, d, c, s, b,
e±, µ± and τ± ] and V ∈ [W±, Z].
Parameter Experimental Value
αs(mZ) 0.1181
sin2θW 0.22343
GF 1.1663787 × 10−5 GeV−2
mb(mb) 4.18 GeV
mW 80.379 GeV
mZ 91.1876 GeV
mt(mt) 173.1 ± 0.9 GeV
mτ 1.7768 GeV
Table 1: The SM parameters and their experimental values used in our analysis [11].
Figure 3: Marginalized entropy vs Higgs boson mass for the SM.
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3 CMSSM and Information Theory
As discussed before MSSM was introduced to stabilize the Higgs mass against the radiative
corrections by relating the bosons and the fermions with each other. This requires an
equal number of bosonic and fermionic degrees of freedom, i.e. each SM particle will
have corresponding SUSY counterpart which differs by spin-1/2. In terms of ‘R-parity‘,
R = (−1)L+3B+2S where S, L and B represent spin, lepton number and baryon number
respectively, one can infer that each R-even SM particle will have an R-odd SUSY partner.
Assuming R-parity to be conserved, the MSSM is specified by the superpotential [11]
VMSSM = YdHˆdQˆDˆ
c − YuHˆuQˆUˆ c + YlHˆdLˆEˆc + µHˆuHˆd, (3.1)
where, Qˆ, Lˆ, Dˆc, Uˆ c, Eˆc, Hˆu and Hˆd represent left-handed doublet quark superfield, left-
handed doublet lepton superfield, right-handed down-type anti-quark singlet superfield,
right-handed up-type anti-quark singlet superfield, right-handed anti-lepton singlet super-
field, up-type and down-type Higgs doublet chiral superfields respectively and Yl, Yd and Yu
are Yukawa matrices for leptons, down- and up-type quarks respectively. The Bilinear term
represents the mixing of up- and down-type Higgs doublets which are required to provide
masses to the up- and down-type sfermions separately.
In this paper we analyze Higgs boson for the constrained MSSM (CMSSM) [33–37]
which is most popular due to its aesthetic built-up in terms of only five parameters at the
GUT scale, namely the universal scalar and gaugino masses m0 and m1/2 respectively, a
common trilinear coupling parameter A0, the ratio of vacuum expectation values (VEVs)
of up- and down-type Higgs bosons tanβ and the sign of the Higgsino mass parameter µ,
sign(µ). The mass spectrum of CMSSM could be obtained by running the renormalization
group equations (RGEs) down to EW scale from GUT scale which turns out to be different
due to individual RGE evolution patterns responsible for each of these. In the CMSSM,
the tree-level mass of the lighter CP-even Higgs boson is given by
m2h = m
2
Z cos
2 2β, (3.2)
and therefore mh . mZ at the tree-level. This is corrected by the following leading order
correction [11]
4m2h =
3g2m4t
8pi2m2W
[ln(
M2S
m2t
) +
X2t
M2S
(1− X
2
t
12M2S
)], (3.3)
whereM2S ≡ mt˜1mt˜2 ,mt˜1,2 are the masses of the superpartners of top-quark, the stop mixing
parameter Xt = At−µcotβ which arises due to an incomplete cancellation of the top-quark
and top-squark loops getting different masses in supersymmetry breaking. This suggests
that the correction in the Higgs mass depends on a factor of m4t and grows logarithmically
with the stop mass which ensures that the Higgs mass still remains well within 150 GeV or
so even for the SUSY breaking scale in the multi-TeV range.
Now since for TeV scale SUSY breaking all the sparticles including the lightest stable
particle (LSP) which is usually the lightest neutralino is also heavier than the lighter CP-
even Higgs boson, other than the SM decay modes, no further decay channels open up
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for the Higgs boson. However the presence of sparticles in the loops modify these decay
channels via higher-order contribution. The decay channels involving loops at the leading
order such as h → γγ and h → Zγ will even receive significant contributions at the first
order itself [10].
We therefore analyze the possibility whether the information theory which solely re-
quires the information about the branching ratios of the Higgs boson could shed light
on the Higgs mass pretending it to be unknown and thereby guide us about the other
sparticle masses simultaneously. These findings are further improved by imposing further
constraints from the LEP data on sparticles and Higgs searches, experimental data on elec-
troweak precision observables (EWPOs) such as the muon anomalous magnetic moment aµ
and contribution to ρ parameter, branching ratios of b → sγ and B0s → µ+µ− and relic
density of dark matter Ωχh2. Bounds corresponding to each of these are listed in Table 2.
With this in mind, we perform a detailed parameter scan of the CMSSM with the ranges
of various CMSSM parameters specified below
• m0 ∈ [0.1, 10] TeV,
• m1/2 ∈ [0.1, 6] TeV,
• tanβ ∈ [2, 60],
• A0 ∈ [−10, 10] TeV,
• sign(µ) = +1.
In order to generate CMSSM spectrum we use Softsusy 4.1.3 [38]. This is then
interfaced with FeynHiggs 2.14.2 [39, 40] to calculate the branching ratios of Higgs boson
and ρ parameter, Superiso v4.0 [41] for estimating muon anomalous magnetic moment
and B-physics branching ratios and micromegas 5.0.4 [42, 43] to calculate the relic density
of the dark matter which in our case turn out to be lightest neutralino.
Constraints Observables Experimental Values
LEP mh > 114.4 GeV [44]
mχ˜01,2,3,4 > 0.5 mZ [11]
mχ˜±1,2 > 103.5 GeV [11]
PO 4ρ 0.0008± 0.0017 [45]
BR(b→ sγ) (3.55± 0.24)× 10−4 [46]
BR(B0s → µ+µ−) (3.0± 0.6)× 10−9 [47]
4aµ (2.68± 0.43)× 10−9 [11]
DM Ωχh2 0.1186± 0.002 [11]
Table 2: Constraints of various experimental observables.
An entropy measure for an ensemble of the CP-even lighter Higgs boson in the CMSSM
using Eq. (2.8) follows the same analytic procedure as discussed in Section 2, i.e. we
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Figure 4: Marginalized entropy vs CP-even lighter Higgs mass. The blue solid line repre-
sents only LEP constraints, the black dashed line represents LEP and PO constraints and
the red dotted line represents LEP, PO and DM constraints. The details of constraints are
listed in Table 2.
Figure 5: Marginalized entropy vs mass of the (a) heavier CP-even neutral Higgs boson H
(left), (b) CP-odd neutral Higgs boson A0 (middle) and (c) charged Higgs boson H± (right).
Color convention is the same as in Figure 4.
first calculate the kinematically accessible detection modes of the CP-even lighter Higgs
boson are as follows: h → γγ, h → γZ, h → ZZ∗, h → WW ∗, h → gg, h → ff¯
with f ∈ {u, d, c, s, b, e±, µ±, τ±}. FeynHiggs 2.14.2 [39, 40] is used for calculating the
Higgs masses and their branching ratios. Based on the information theoretic approach, the
entropy associated with the Higgs boson decays to all available decay channels is maximized
for a given Higgs boson mass. S is then marginalized entropy having a function of mh
only, obtained after marginalizing over all other parameters of the MSSM and scaled by a
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normalization factor 1/Smax. We use various constraints in our phenomenological analysis
which are based on experimental values as given in Table 2. The restrictions due to LEP
data on Higgs mass, neutralino and chargino masses are ensured by imposing mh > 114.4
GeV, mχ˜01,2,3,4 > 0.5 mZ and mχ˜±1,2 > 103.5 GeV respectively whereas the bounds on 4ρ,
4aµ, BR(b → sγ), BR(B0s → µ+µ−) and bound on relic density of dark matter Ωχh2 as
listed in Table 2 are employed at 2.5σ confidence level.
We present our results for three different combinations of constraints namely, (i) LEP
only, (ii) LEP + PO and (iii) LEP + PO + DM. These results are presented as Figures 4–7.
In Figure 4 we show the variation of marginalized entropy with the CP-even lighter
Higgs mass mh which clearly exhibits similar trend and shows that the entropy maximizes
formh ' 125.2. The exact values corresponding to the maximum entropy for all three curves
are listed in Table 3 and are found to be in good agreement with the experimentally observed
value at the LHC (mh = 125.09 ± 0.24 GeV, combined ATLAS and CMS measurements) [1].
It is to be noted here that the information theoretic interpretation of the rapid fall of entropy
is associated with the transfer of the Higgs mass to its dominant decay channel. Similar
plots for the other Higgses are presented as Figure 5 which suggest that these should be
found around 5 TeV or so. In a similar manner we also plot entropy vs various sparticle
masses in Figure 6 and listed the values favorable to our approach in Table 3. These
plots suggest that the maximum entropy corresponds to a gluino and lighter stop of about
7.44 TeV and 6.75 TeV respectively after including all the constraints. Similarly the most
preferred value of masses of lightest neutralino and lighter chargino are 1.92 TeV and 2.1
TeV respectively according to these plots. Finally to see what values of CMSSM parameters
correspond to, we present the Higgs entropy for each of these as Figure 7. These suggest
m0, m1/2, A0 and tanβ to be about 6.16 TeV, 3.80 TeV, −5.40 TeV and 39.4 respectively
with LEP constraints only. These changes to 6.00 TeV, 3.74 TeV, −4.93 TeV and 39.6 after
including EWPOs and B-Physics constraints, and 5.99 TeV, 3.58 TeV, −6.92 TeV and 36.8
once the dark matter relic density constraint is imposed.
4 Results and Discussion
In this work we investigated the CMSSM parameter space using information theory in the
light of the recent discovery of a Higgs boson at the LHC. To do so we first estimated
entropy of the Higgs boson through its various decay modes. Later we used it to check
the mass of the Higgs boson and found it to be in good agreement with the LHC results.
After ensuring the consistency of the method we have examined various sparticle masses
and CMSSM parameter space by imposing the various experimental constraints including
the bounds from LEP data, EWPOs, B-Physics and relic density of neutralino dark matter.
These results have been summarized as Figures 5–7. Our analysis predict that while the
neutralino LSP and lighter chargino should lie around 1.92 TeV and 2.1 TeV, gluino is
expected to be found at around 7.44 TeV. Similarly in the scalar sector sfermion masses are
found to be ranging between 5.17 TeV to 8.97 TeV. The corresponding values of CMSSM
parameters m0, m1/2, A0 and tanβ are found to be 5.99 TeV, 3.58 TeV, −6.92 TeV and
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Figure 6: Marginalized entropy vs sparticle masses. Color convention is the same as in
Figure 4.
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Figure 7: Marginalized entropy vs CMSSM parameters. Color convention is the same as
in Figure 4.
36.8 respectively at the maximum marginalized entropy with three different combinational
constrained space. A detailed account of the most preferred masses of various sparticle and
CMSSM input parameters as found in our study is presented in Table 3.
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Parameters
Constraints
LEP LEP + PO LEP + PO + DM
m0 6.16 6.00 5.99
m1/2 3.80 3.74 3.58
A0 −5.40 −4.93 −6.92
tanβ 39.4 39.6 36.8
mh 125.16 125.16 125.24
mH 5.21 5.22 5.61
mA0 5.20 5.19 5.71
mH± 5.27 5.28 6.19
mχ˜01 1.73 1.71 1.92
mχ˜02 2.84 2.82 2.32
mχ˜03 3.31 3.35 2.23
mχ˜04 3.55 3.50 3.11
mχ˜±1
2.68 2.71 2.10
mχ˜±2
3.45 3.45 2.96
mg˜ 7.78 7.73 7.44
mq˜L 8.17 7.99 8.97
mq˜R 7.81 7.76 8.71
mb˜1 7.10 7.09 7.94
mb˜2 7.50 7.49 8.33
mt˜1 6.24 6.24 6.75
mt˜2 7.15 7.12 7.96
ml˜L 5.73 5.73 6.60
ml˜R 6.06 5.76 6.18
mτ˜1 5.31 5.12 5.17
mτ˜2 5.45 5.35 6.09
Table 3: The sparticle mass spectrum for the marginalized maximum entropy for vari-
ous experimental constraints as listed in Table 2. All parameters except tanβ with mass
dimension, mh is in GeV and rest sparticles are in TeV.
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